Introduction
Investigations of halogen adsorption on semiconductor surfaces are motivated by fundamental scientific interest as well as potential industrial applications. Most of the studies have been concerned with Si and GaAs surfaces (see [1] and references therein). At the (001) surface of Si and Ge, halide molecules dissociate and atoms usually adsorb without breaking the substrate dimer bonds. Adsorption of two atoms of the dissociated molecule is possible on two neighbouring dimers or both sides of the same dimer. The second configuration is expected to be energetically preferable and therefore observed more often. Depending on the adsorbate coverage, c(2×2) and p(2×1) reconstructions have been observed on Si(001) for 0.5 and 1 monolayer (ML) of iodine respectively [1, 2] .
Adsorption of halogens on Ge surfaces has been studied less intensively. Nevertheless, these studies are interesting, as they reveal the behaviour of the same adsorbate on different semiconductors, and thus contribute to the understanding of processes taking place at adsorbed semiconductor surfaces. For the same reason, it is interesting to compare adsorption of different adsorbates on the same surface, as well as to follow the effect of different coverages of the same adsorbate. The (001) surfaces of Ge and Si reconstruct in a similar way. A p(1×2) structure is observed at room temperature for both Ge(001) and Si(001). However, the Germanium (001) surface exhibits a variety of other structures, corresponding to different orderings of surface dimers in larger surface cells; the c(2×4) and p(2×2) ones being energetically most favourable [3] . Experimentally, the iodine adsorption on the Ge(001) surface was investigated by Göthelid et al. [4] by means of STM and LEED. While the initial clean-surface reconstruction was of the p(1×2) type, a change of the surface structure to the mixed p(2×2)/c(2×4) one was observed upon adsorption of I. Theoretically, adsorption of Cl 2 and F 2 on Si(001) [5] , of Cl and Cl 2 on Ge(001)-c(2×4) [6] , and of 0.25 ML of I on Ge(001), have been examined [7] .
The aim of the present investigation is to find the minimum-energy surface configurations for coverages of up to 1 ML of bromine adsorbed on the p(1×2) reconstructed germanium (001) surface. The corresponding STM images are also simulated and discussed.
Method of calculation
Calculations have been performed using two methods, namely, a local-orbital minimal-basis (lo) technique [8, 9] and a plane-wave-basis (pw) technique, both of them based on density functional theory. Within the framework of the lo technique, the F code has been used for computations [10, 11] . The ion cores have been simulated by norm-conserving pseudopotentials, calculated with the use of the FHI98PP package [12] . The scheme of Troullier and Martins [13] has been used for Ge's pseudopotential, while that of Hamann [14] has been used for the Br pseudopotential. Exchange-correlation contributions have been introduced within the local-density approximation (LDA) [15] . To ensure the absence of unphysical states, the analysis of Gonze et al. has been applied [17] and the found pseudopotentials have been transferred into a fully separable form [18] . Atomic orbitals of the 3 basis, used in computations for Ge, have been confined to the regions limited by atomic radii of 3.80 a.u. (atomic units) for orbitals and 5.25 a.u. for orbitals. For bulk germanium, this yields the lattice constant of 5.638 Å, bulk modulus of 70 GPa, and main energy gap of 0.45 eV, as compared to experimental values of 5.657 Å, 68.87 GPa, and 0.664 eV respectively. In order to reproduce the bromine molecular bond length of 2.38 Å, the Br orbitals' radii have been taken equal to 3.4 a.u. for orbitals and 4.5 a.u. for orbitals. All the surface-structure calculations have been performed for a p(2×4) supercell, this made it possible to analyse surfaces covered with 0.25, 0.5, 0.75 and 1 ML of adsorbate under the same computational conditions and also to compare directly the minimum energies of various structures obtained for a given coverage. A slab, built from 8 atomic layers of Ge and a layer of H atoms, saturating the dangling bonds of the bottom Ge layer, has been used. The number of atoms in the p(2×4) supercell was 82 (including 2 atoms of bromine), 84 (4 Br atoms), 86 (6 Br atoms), and 88 (8 Br atoms) for coverages of 0.25, 0.5, 0.75 and 1 ML, respectively. In all cases, the four lowest Ge layers and all H atoms have been kept fixed in the course of MD simulations. During F calculations, 18 special k-points have been used. Computations have been repeated for the same slabs using the VASP package [20] [21] [22] [23] , which employs the pw technique. The ultrasoft pseudopotentials, energy cutoff of 280 eV, and generalised gradient approximation (GGA) with Perdew-Wang (PW 91) [16] exachange-correlation scheme have been used. A (5×5×1) Monkhorst-Pack mesh has been applied for k-point sampling. For bulk germanium, the pw method gives the lattice constant of 5.646 Å, bulk modulus of 70 GPa, and main energy gap of 0.52 eV. Simulations of STM images have been based on the non-equilibrium Green-function formalism [24] [25] [26] , using density of states projected on separate orbitals (results of electronic structure calculation in framework of localorbital minimal-basis formalism). The tunneling current between the sample (denoted by S) and the tip (denoted by T) is given by
In order to use the above formulas, one needs to know the matrices of the Green functions for the tip (
A T T and R T T ) and the sample (
A SS and R SS ), as well as the densityof-states matrices for the tip ( T T ) and the sample ( SS ) when the tip and the sample are decoupled. The matrices of hoppings between the orbitals of the tip and the sample, denoted as T T S and T ST , should also be determined. The difference between the Fermi-Dirac distributions for the tip ( T (ω)) and the sample ( S (ω)) has been assumed to be equal to 1. Calculations of the tunneling current have been performed for a W tip, formed by a 5-atom pyramid attached to a (001) oriented tungsten slab. Electronic structure of the tip and hopping interactions between the tip and the substrate have been calculated within the F approach. A Troullier-Martins-type pseudopotential, in LDA approximation [19] , has been used for tungsten. Local orbital radii chosen for tungsten are R (W,s)=5.60 a.u., R (W,p)=4.60 a.u., and R (W,d)=5.08 a.u. Such a choice yields bulk tungsten lattice constant of 3.165 Å and bulk modulus of 315 GPa as compared to experimental values 
Results
Subsequent stages of Br adsorption on Ge(001) have been investigated by finding the minimum-energy configurations of the p(1×2) reconstructed surface covered with 0.25, 0.5, 0.75 and 1 ML of adsorbate. Possible adsorption sites have been tested by placing Br atoms in trial positions, ≈2 Å above the Ge surface, and relaxing the system: first within the generalised gradient scheme and next within the dynamical quenching scheme. The latter was initialised at a temperature of 200 K to obtain surface configurations determined solely by adsorption and exclude the possibility of the substrate reconstruction as a result of temperature fluctuactions, which can be expected for Ge(001) surface  even the clean one  at higher temperatures [27] . For a given coverage, the configuration with the lowest total energy was found by directly comparing the energies of all stable structures computed within the same p(2×4) supercell.
Upon adsorption of 0.25 ML of Br at the p(1×2) reconstructed Ge(001), four stable configurations have been found, with adsorbate geometry of hexagonal, p(1×4), p(2×2) and p(2×4) type (see Fig. 1 ). Simultaneously, the surface layer of germanium relaxes and the buckling angle of the dimers with one attached bromine adatom decreases to ∼ 10°, except for hexagonal structure calculated using the lo method, where the buckling angle of these dimers is of 12-15°. The dimers with two bromine adatoms are almost flat (buckling angle of ∼ 1°), while those without attached adatoms remain almost unchanged (buckling angle of 16-18°). The length of the Br-Ge bond is the same in all cases, but the average height of the adsorbate atoms above the germanium surface plane differs noticeably (see Table 1 ). As a result, the adsorbate atoms are, in most cases, placed in positions connected with surface dangling bonds. The only exception is the hexagonal configuration as obtained using the lo method, where adsorbate atoms are placed closer to the substrate (this effect, however, is not found within the pw scheme; see Table 1 ). Calculations indicate that the p(2×4) configuration with Br adatoms bound to both sides of the same Ge dimer is energetically most favourable, as for other cases of halide adsorption on Ge(001) and Si(001) [1, 2, 7] . The ordering of local-energy-minimum structures is the same in lo and pw calculations. For adsorption of 0.5 ML of Br at the p(1×2) reconstructed Ge(001), six configurations of adsorbate atoms in a p(2×4) surface cell appear to be possible (see Fig. 2 ). The two lowest-energy configurations are those with adatoms bound to both ends of the same substrate dimers (configurations B and D), as follows from both lo and pw calculations (see Table 2 ). The third configuration with doubly adsorbed dimers (configuration A) has energy higher by 0.2 eV (in pw scheme) or 0.3 eV (in lo scheme), possibly because of interactions between nearly placed adsorbate atoms. It is noteworthy that configuration E is of low total energy, because in this case the substrate reconstructs so as every fourth dimer changes its tilt, which in our calculations is a structure energetically more favourable than the p(1×2) one.
For adsorption of 0.75 ML of Br, from two found stable configurations (see Fig. 3 ), again the one with doubly adsorbed germanium dimers only (configuration B) has lower energy.
The bond length between bromine and germanium does not depend on the adsorption coverage and the particular configuration, with the exception of the hexagonal configuration for 0.25 ML of Br, calculated using the lo method. However, such a dependence is seen for the average height of adsorbate atoms above the surface germanium layer, because of differences in angles between the Br-Ge bonds and the surface plane (see Tables 13 ). Table 2 . Data for surface configurations of Ge(001) covered with 0.5 ML of Br (see Fig. 2 ), calculated within lo and pw methods: energy with respect to the minimum-energy configuration, average Br-Ge bond length, adsorption energy per molecule, and average height of Br adatoms above the average vertical position of surface Ge atoms. surf − E mol )/ where E conf , E surf , and E mol is the energy of the supercell with adsorbate, the energy of the supercell without adsorbate, and the energy of Br 2 molecule, respectively, while is the number of molecules in the supercell for the given adsorbate coverage. As follows from Tables 13, the value of the adsorption energy depends on the substrate reconstruction as well as the final adsorbate configuration. Simulated STM images of the above-discussed surfaces are dominated by the current from adsorbate atoms. They clearly illustrate the basic features of the atomic configurations of bromine-adsorbed Ge(001) surfaces (see Figs. 1-3) . Doubly adsorbed dimers are reproduced as long bright spots build from two round shapes, similarly to those presented in Fig. 1 of [1] , which have been associated there with doubly Cl-adsorbed Si dimers. Unadsorbed substrate dimers lying between two doubly adsorbed dimers are not reproduced, again in accordance with the above-cited experimental image. Single adsorbate atoms without any close neighbours of the same nature are reproduced as round bright spots (see configurations A and C in Fig. 1 ). The square pattern of round bright spots observed for configuration C for 0.25 ML of Br (see Fig. 1 ) is the same as that presented in Fig. 7c of [4] for adsorption of I on Ge. On the other hand, the hexagonal pattern corresponding to configuration A for the coverage of 0.25 ML (see Fig. 1 ) is the same as the inner structure of two-dimensional iodine islands found at Si(100)-(2×1) after etching (see Fig. 6 in [1] ). Bromine atoms adsorbed at the same side of germanium dimers form chains of bright spots in simulated images. Similar STM features of the form of long chains are seen in experimental images [1] . Moreover, as follows from our simulations, slight differences in the height of adatoms (above the surface) from parallel chains result in noticeable changes in intensities of protrusions observed in STM images (see configuration C in Fig. 2 and configuration A in Fig. 3 ).
Structure
All the above-indicated similarities suggest that the nature of bromine adsorption on (001) surfaces of germanium does not differ much from chlorine and iodine adsorption at germanium and silicon (001) surfaces, at least for the coverage of 0.25 ML.
Conclusions
Adsorption of 0.25, 0.5, 0.75 and 1 ML of bromine at the Ge(001) surface has been studied. It has been found that adsorption of two bromine atoms of the dissociated Br 2 molecule at both ends of the same germanium dimer is energetically more favourable than adsorption on neighbouring dimers for all discussed adsorbate coverages. Never- theless, the calculated energies of distinct stable structures of Br on Ge(001) do not differ much from each other (less than 1 eV per p(2×4) surface cell) for a given coverage. Therefore, it is expected to find a number of structures at experimental STM images, depending on the surface preparation and experimental conditions. For all the considered systems, simulated STM images are dominated by the current tunneling through adsorbate atoms. Images obtained for 0.25 ML of bromine on Ge(001) are qualitatively the same as those simulated for the same coverage of iodine [7] . Moreover, they closely resemble experimental images presented in [4] for I on Ge(001) and in [1] for I on Si(001). It is therefore justified to conclude a similar nature for bromine and iodine adsorption on (001) surfaces of germanium and silicon. Image size is 32 Å×32 Å for structure A, 25 Å×25 Å for structure B, and 28 Å×28 Å for structure C. As a guide for eyes, Br adatoms and Ge surface dimer atoms are marked in STM images by stars and circles, respectively.
